Abstract-The scheme of erbium-doped distributed feedback fiber laser is proposed, which combines pumping schemes of the single frequency oscillator and optical signal amplifier. The scheme provides maximum efficiency of pump to signal conversion while minimizing the effect of relaxation oscillations on the output radiation parameters. In this scheme single-frequency fiber laser radiation power up to 30 mW achieved at the pump power of 600 mW at 980 nm. Amplified spontaneous emission was at the level of 0.08%. The magnitude of the relative intensity noise is −140 dB/Hz at frequencies more than 10 MHz and −100 dB/Hz at the peak of relaxation oscillations. The linewidth of the laser radiation is less than 1 kHz.
INTRODUCTION
A distributed feedback fiber laser (DFB FL) is a segment of the rare-earth doped fiber (active fiber) with length of a few centimeters with recorded special structure of the refractive index modulation that results in generation of a single longitudinal mode [1] . The DFB fiber lasers were written into polarization maintaining fiber to have linearly polarized radiation [2] . Important characteristics of the laser radiation (among others) are the linewidth and output power stability (in terms of relative intensity noise). One of the main factors affecting the stability of fiber laser power is relaxation oscillations in the active fiber, which leads to the appearance of the spectrum intensity noise peaks in the range of hundreds kilohertz. It was found that the most important factor affecting the magnitude of the relaxation oscillations is the laser pump power value [3, 4] . Typical output power of a Er-doped DFB FL is in the milliwatt order. The power amplifier allows to strengthen the weak signal of the master oscillator to the level of dozens milliwatts. We propose and realize configuration of the DFB FL which combines pumping schemes of the master oscillator and optical signal amplifier thus providing maximum efficiency of the pump power while minimizing the impact of relaxation oscillations on the parameters of the output radiation.
EXPERIMENT
In the work, to determine the noise characteristics of the Er-doped DFB FL, its radiation was directed onto a photodiode with a bandwidth of up to 1 GHz. The signal of the photodiode is fed to the radio-frequency (RF) spectrum analyzer AGILENT EXA N9010A to measure the spectrum of the signal. The measurement result is shown in Figure 1 . As can be seen from the graph (Figure 1(a) ), the noise spectrum is characterized by a peak at frequency of 300 kHz and its harmonics. It's associated with the relaxation oscillations in the laser's active fiber due to the influence of external disturbances. As we have seen, the pump power of the DFB FL can directly affect the relaxation oscillations level. At low pump power the laser is unstable until the short-term disruption of generating almost to pulse-periodic mode. By increasing the pump power the detected oscillations are minimized (Figure 1(b) ). On the basis of the obtained result we proposed and realized the pumping scheme of the DFB FL and optical signal amplifier, which is shown in Figure 2 . This scheme provides the maximum level of the pump power of the DFB FL that leads to its stable operation by minimizing the relaxation oscillations, as well as the use of non-absorbed pump radiation for the operation of the power amplifier. This scheme will provide maximum efficiency of the pump power utilization while minimizing the effect of relaxation oscillations on the output radiation parameters. A single-frequency single-polarization operation of the erbium-doped fiber laser at 1550 nm wavelength with power up to 30 mW at pump power level of 600 mW was obtained. The magnitude of the relative intensity noise is −140 dB/Hz at frequencies more than 10 MHz and −100 dB/Hz at the peak of relaxation oscillations. The amplified spontaneous emission remains at a very low level of 0.08%.
One of the important characteristics of the developed laser is a narrow linewidth. Theoretically, the linewidth for an erbium laser may be as low as a few tens of hertz. To measure the linewidth of the laser spectrum, the heterodyne measurement scheme is used. The method uses two almost identical lasers which frequency detuning does not exceed a few hundred megahertz. These laser signals are combined by a fiber splitter and directed to the photodiode with the bandwidth up to one gigahertz. The signal of the photodiode is fed to the radio-frequency spectrum analyzer AGILENT EXA N9010A. The RF spectrum represents a peak at the beat frequency of the two lasers. The width of the peak determines the linewidth of the laser. Due to external disturbances the laser frequency detuning is changing. Accordingly, the position of the beating peak is also changing. That makes difficult to perform measurements with maximum resolution. Figure 3 shows the measured spectrum of the beating of two Er-doped DFB FLs.
As seen in Figure 3 , the width of the recorded beating peak is about one kilohertz. It corresponds to the RF spectrum analyzer resolution. Accordingly, the linewidth is less than this value.
CONCLUSION
Thus, the pumping scheme of the master oscillator and the optical signal amplifier is developed. It allows one to suppress the relaxation oscillations effectively and ensures maximum efficiency of the pump power utilization. The experimental study of the output parameters of the Er-doped fiber laser has shown that the proposed scheme provides a stable generation of narrow-band radiation (< 1 kHz).
